The TDF preparations not only promote the binding of the ternary complex to 40S subunits but also promote the dissociation of the ternary complex in the presence of 5 mM Mg2+ at 00. The preincubation of purified IF alone with low concentrations of HRI and ATP does not significantly affect its capacity to form the ternary complex; however, the TDF-promoted dissociation of the ternary complex is inhibited. The Protein synthesis in rabbit reticulocytes and their lysates is regulated by heme (1) (2) (3) . In heme deficiency, a heme-regulated translational inhibitor (HRI) is activated (4-6), which blocks protein chain initiation (2, 3, (5) (6) (7) (8) (9) (10) . The inhibition of protein synthesis is associated with the disappearance of the complexes of Met-tRNAfMet (Met-tRNAf) and 40S ribosomal subunits (9) . The purified HRI has functional properties that are similar to those of the in situ heme-regulated inhibitor (11, 12) . The inhibition induced in heme deficiency or by the addition of HRI is overcome or prevented by the Met-tRNAf binding factor (11, (13) (14) (15) , which forms a ternary complex with Met-tRNAf and GTP (16) (17) (18) (19) (20) (21) (22) . The Met-tRNAf binding factor (IF) is called EIF-1 in the nomenclature of Gupta and coworkers (23) and eIF-2 in the proposed new nomenclature (24) ; in this paper, it is called IF. The HRI has been shown to be an adenosine 3':5'-cyclic monophosphate (cAMP) independent protein kinase (ATP: protein phosphotransferase, EC 2.7.1.37), which specifically phosphorylates the 38,000-dalton subunit and not the 52,000-dalton and 50,000-dalton subunits of IF (12, (25) (26) (27) (28) . These findings suggest that the inhibition by HRI involves the phosphorylation of IF. Significant inhibition of the binding of Met-tRNAf to 40S subunits has been shown to occur with high concentrations of HRI (13, 29, 30) , and some inhibition of ternary complex formation has also been reported (31) . However, the question of the molecular mechanism by which HRI exerts its inhibitory effect is not fully resolved.
In the present studies we have investigated the effect of HRI in the partial reactions of protein chain initiation in which the IF-promoted binding of Met-tRNAf to 40S subunits is enhanced by another initiation factor [ternary complex dissociation factor (TDF) of Majumdar et al. (23) ] and AUG. The results show that HRI at very low concentrations markedly inhibits the binding of Met-tRNAf to 40S subunits. This inhibitory effect of HRI requires ATP. Under these conditions, HRI phosphorylates only the 38,000-dalton subunit of IF.
The TDF preparations not only promote the binding of the ternary complex to 40S subunits but also dissociate the ternary complex in the presence of 5 mM Mg2+ at 0° (23) . At low concentrations of HRI and in the presence of ATP, this TDF-promoted dissociation of the ternary complex is inhibited. These results are consistent with the view that the phosphorylation of IF by HRI modifies its conformation and thus inhibits the protein-protein interaction of IF with one or more components of TDF in the formation of the Met-tRNAf-40S subunit initiation complex.
Recently Das and Gupta (32) reported the isolation of a ternary complex dissociation inhibitor (TDI) from reticulocyte ribosome-free supernate. Like HRI, TDI inhibits ternary complex dissociation and the binding of Met-tRNAf to 40S subunits. In our experiments TDI and purified HRI behave similarly in all the results presented here. The apparent lack of requirement of ATP for TDI activity previously reported (32) was probably due to the presence of ATP in crude preparations of TDI.
Abbreviations: HRI, heme-regulated translational inhibitor; tRNAf, tRNAfMet; IF, Met-tRNAf binding factor; cAMP, cyclic AMP; TDF, ternary complex dissociation factor; TDI, ternary complex dissociation inhibitor. 745 The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with (12) . The protein in the eluate is bound to a DEAE-cellulose (0.5 X 7 cm) column equilibrated with Tris1HCl, 20 mM (pH 7.7)/KCI, 100 mM/10% (vol/vol) glycerol (buffer A). The residual cAMP-dependent protein kinases are removed by elution with 20 MuM cAMP in buffer A. The column is washed free of cAMP, and HRI is eluted with buffer A containing 250 mM KC1. The HRI preparation obtained phosphorylates only the 38,000-dalton subunit of IF. The preparation of TDI has been described (32) . Because the activities of TDI appear to be the same as those of the more highly purified HRI, we have used HRI for the studies reported here.
Preparation of IF, TDF, and 40S Ribosomal Subunits. The IF was purified from 0.5 M KC1 ribosomal salt wash by a procedure modified from Ranu and Wool (20) . One microgram of purified IF bound 3 pmol of Met-tRNAf in ternary complex. This preparation of IF contains low levels of TDF activity and a low level of the protein kinase activity that phosphorylates the 50,000-dalton subunit; it has no detectable protein kinase activity for the 38,000-dalton subunit. The preparation of IF free of TDF has been described (33); 1 ,g of this factor preparation bound 1.2 pmol of Met-tRNAf in ternary complex. The preparation of TDF and of 40S subunits was as described previously (23, 34) .
In some experiments a pooled DEAE-cellulose-chromatographed fraction of initiation factors was used (34) . This initiation factor preparation, which contains IF and TDF activities, is referred to as Fraction 11 (34 stage contained Tris-HCl (pH 8.0), 30 mM; KCl, 120 mM; dithiothreitol, 3 mM; magnesium acetate, 1.3 mM; ATP, 0.2 mM; 10 ,ug of bovine serum albumin; 5 ,ug of IF; and various concentrations of HRI. Incubation was at 370 for 5 min. Samples were transferred to an ice bath and 5 ,ug of TDF, 0.2 mM GTP, and 8-10 pmol of [3-S]Met-tRNAf (10,000 cpm/pmol) were added. The final volume in the second stage was 75 ,.d, and the concentrations of buffer components were Tris-HCI (now pH 7.5), 20 mM; KCI, 80 mM; magnesium acetate, 1 mM; and dithiothreitol, 2 mM. Samples were incubated at 370 for 5 min and transferred to an ice bath. Magnesium acetate (5 mM) was added to the samples. In the controls, addition of magnesium was omitted. After 15 min in the ice bath, the amount of ternary complex was assayed by Millipore filtration (16) (17) (18) (19) (20) (21) (22) (23) .
Assay of the Binding of Met-tRNAf to 40S Ribosomal Subunit. The binding of Met-tRNAf to 40S subunits was assayed by the two-stage assay system on Millipore filters according to Chatterjee et al. (34) or by sucrose density gradient centrifugation (34) . The reaction mixture (20 ,ul) KCl, 80 mM; magnesium acetate, 2 mM; and dithiothreitol, 2 mM. The samples were incubated at 370 for 5 min and transferred to an ice bath, and magnesium acetate, 5 mM, was added. The solution was filtered through a Millipore. The filters were washed three times with 2 ml of buffer. The details of the sucrose density gradient method have been described (32, 34) . RESULTS
The results in Table 1 ternary complex in the presence or absence of HRI or of ATP (Table 2 ). However, the ternary complex formed with MettRNAf binding factor preincubated with HRI and ATP is not dissociated ( Table 2 ). The nonhydrolyzable analog adenosine
5'-[fl,y-imido]triphosphate does not substitute for ATP (results not shown).
The preparation of partially purified initiation factors (Fraction II) promotes binding of Met-tRNAf to 40S ribosomal subunits, which is enhanced and stabilized by AUG (Table 3) . HRI in low concentration markedly (70-80%) inhibits the binding of Met-tRNAf to 40S subunits ( Table 3 ). The inhibitory effect of HRI requires ATP, and both the AUG-independent and the AUG-dependent binding of Met-tRNAf are inhibited. The inhibition of Met-tRNAf binding to 40S subunits that is observed by the Millipore filtration assay can also be demonstrated by the sucrose density gradient centrifugation (Fig. 1 ).
Once again adenosine 5'-[f3,y-imido]triphosphate does not substitute for ATP (results not shown). For an explanation of the -AUG, -40S subunit column in Table 3 see ref. 34 .
The inhibitory effect of HRI, which requires ATP, could also be demonstrated in a fractionated system in which the binding of Met-tRNAf to 40S subunits is promoted by purified IF, TDF, and AUG (Table 4) . Fig. 2 shows that the HRI concentrations that inhibit the reaction of binding Met-tRNAf to 40S subunits (Table 3 and 4) also inhibit protein synthesis in the lysate system, essentially as observed in heme deficiency.
The data in Fig. 3 show that, under the conditions of inhi- Table 3 and the details of the sucrose gradient centrifugation have been described (32 7 .0)/2% sodium dodecyl sulfate/5% (vol/vol) 2-mercaptoethanoll. Samples were heated at 1000 for 2 min and electrophoresed in sodium dodecyl sulfate/polyacrylamide (10%) gel at 140 V for 2.5 hr (12) . The gels were stained with Coomassie brilliant blue (Left) and autoradiograms were prepared (Right) (12 (27) (38) . However, the phosphorylation of this subunit is not required for the inhibition of protein synthesis in lysates (27) the ternary complex. There are three to four polypeptides of TDF that are phosphorylated by endogenous protein kinase(s) in the TDF preparations. Whether phosphorylation of these polypeptides is required for the activity of TDF in the protein synthesis cycle and for the inhibition of partial reactions of protein chain initiation that we have described remains to be seen. The phosphorylation of several polypeptides of TDF that we have described has not previously been reported. The finding that HRI does not phosphorylate any of the approximately 30 polypeptides of 40S subunits (27) or any of the 10-14 major (23) and 6-8 minor polypeptides of TDF provides further evidence of the specificity of the HRI protein kinase. In our studies, phosphorylation of 40S subunit proteins was not required for the inhibition of the Met-tRNAf binding reaction, but the possibility that 40S subunits are already phosphorylated cannot be excluded.
Previous studies have indicated that Met-tRNAf binding to IF is controlled by two protein factors, TDF (23) and Co-EIF-1 (39), the latter of which increases the rate and extent of ternary complex formation. The results presented in this paper suggest that phosphorylated IF is not recognized by TDF, an interaction possibly essential for Met-tRNAf binding to 40S ribosomes. With a partially purified initiation factor preparation (Fraction II), we have also observed significant inhibition (50%) of ternary complex formation (at 1 mM Mg2+) by HRI and ATP (unpublished observation). These preparations contain significant amounts of Co-EIF-1 activity. A possible explanation of this inhibition of ternary complex formation by HRI and ATP is that the phosphorylated IF is not recognized by Co-EIF-1. Inhibition of ternary complex formation by HRI and ATP has also been reported by Datta et al. (31) .
Note Added in Proof. Rat liver cytosol contains a translational inhibitor protein kinase (LI) which has properties similar to those of HRI (40) .
Like HRI, LI also inhibits the TDF-promoted dissociation of ternary complex and the binding of ternary complex to 40S subunits. These inhibitions require ATP.
